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Abstract 
Titanium alloys such as Ti6Al4V are often employed in turbine industry components due to their outstanding mechanical 
properties. These properties make it hard to machine with conventional processes like broaching, milling or grinding. An alternative 
represents WEDM. Within this paper a comparison between grinding and WEDM of Ti6Al4V concerning surface integrity aspects 
proved by bending fatigue life is set up. Due to visual inspections and surface roughness measurements a higher fatigue life of the 
ground specimen is assumed. In contrast the EDMed specimen show higher fatigue strength. Further surface integrity aspects have 
been conducted to analyse the fatigue result. Summarized, the better correlation between visual part quality, influenced rim zone 
and fatigue strength, shows a user-friendly quality check of EDMed parts. Furthermore, this paper shows that WEDM is an 
alternative to conventional processes for machining titanium alloys. 
 
© 2010 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Prof. E. Brinksmeier  
Keywords: Titanium, Wire EDM, Fatigue  
1. Introduction 
In the past several investigations have shown that the machining by Electro Discharge Machining (EDM) affects 
the surface of machined parts more than by several other machining technologies. Among others, Klocke reported a 
reduced fatigue life of EDMed steel parts in contrast to parts machined by e.g. ECM [1]. Results like these and several 
others like VDI guideline 3400 [2] led to the current opinion that a surface machined by EDM is always partly 
destroyed.  
However during the last few years there have been a lot of advancements in EDM technology and hardware 
developments. Thus it is possible meanwhile to produce excellent surfaces and extremely slight heat affected zones at 
least for steel material. Customized technologies for special materials (e.g. titanium and nickel based alloys) are being 
developed nowadays.  
The progress concerning development of the past years was documented in a set of publications, but still there is 
the opinion, that EDM is no machining technology to be used for parts that are critical for safety, e.g. turbine parts in 
aircraft industry [3]. Hence, this paper deals with the attainable fatigue life of titanium samples that are machined by 
EDM and by grinding for comparison. In addition to the analysis of the different fatigue life, possible reasons for 
failure of the parts will be given and will be referred to the different machining processes. Moreover the detectability 
of critical faults by non-destructive inspection methods will be examined. 
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2. Surface Integrity 
Thermal, mechanical and chemical effects resulting from manufacturing processes initiate surface modifications. 
Field and Kahles [4] called these modifications at first in the year 1964 as “surface integrity” and defined this term as 
“the inherent or enhanced condition of a surface produced by machining or other surface generation operation”. It has 
to be considered that in terms of machining operations all processes which produce a single surface affect the surface 
condition. The resulting surface integrity is an interaction of all surface manufacturing processes which produced the 
surface. 
Field [5] divides the content of surface integrity into two main parts. These are on the one hand the surface texture 
including surface roughness and on the other hand the surface metallurgy. He points out, that changes of surface 
metallurgy mostly occur in a very small zone near to the surface. Furthermore, ten types of surface alterations 
affecting the surface integrity are listed in his work. In the developments of the following years assessments for 
surface integrity have been carried out. Lucca et al. summarized the developments in their keynote paper for the CIRP 
Annals - Manufacturing Technology in 1998 [6]. The latest work has been composed by Jawahir et al. for the CIRP 
Annals - Manufacturing Technology in 2011 [3]. In their publication the recent advances of surface integrity in 
material removal processes are outlined. Not only the evaluation of machined components and the functional 
performance of parts concerning surface integrity, but also developments in modeling and simulation of surface 
integrity are presented in their work.  
Based on the common perception, surface integrity evaluates the quality of safety critical parts in turbine industry. 
It is used to characterize the applicability of conventional manufacturing processes for machining turbine components. 
Herein surface topography and microstructure/ metallurgical changes (area of sub-surface) are the two main groups 
and are broken down into 27 sub-anomalies and features [7]. 
For EDM such a table does not exist for safety critical parts in the turbine industry. Because of the bad reputation of 
the EDM process this manufacturing technology is not certified for these surfaces. This reputation has its seeds in the 
past, where the process was classified as not competitive concerning surface integrity against conventional machining 
processes regarding faultiness and sub-surface damages. Based on the surface integrity table of the ACCENT 
EU-project (2008) [7] and with publications concerning surface integrity and EDM, a new list of characteristic 
anomalies was build up. In Table 1 these anomalies which characterize the surface integrity of an eroded part are 
summed up [3, 8-13]. Compared to the ACCENT table anomalies like scratches, chatters, orange peel and grain 
deformations are not listed. This is due to the point that the order of magnitude of the forces with EDM are much 
lower than with cutting processes [14], thus these anomalies do not appear on an eroded surface.  
Table 1: Features and anomalies defining surface integrity for unconventional machining processes like Wire EDM 
Surface topography Microstructure/ metallurgical change 
Surface macro anomalies 
 Abnormal surface roughness
 Cracks
 Discoloration
 Non-parent material
Surface micro anomalies 
 Contamination
 Porosity
Heat affected zone 
 Recast layer
 Redissolution of phases
 White layer 
 Recrystallized zone 
 Redeposit layer 
 Mechanical properties 
 Abnormal residual stresses 
 
To measure these features/ anomalies and to evaluate surface integrity two principles are used. These are on the one 
hand destructive inspections and on the other hand non-destructive inspections. In contrast to the non-destructive 
inspections the destructive inspections produce scrap parts. These inspections are mainly used to measure 
microstructure/ metallurgical changes and in the majority of cases they are needed in the research and development 
sector of manufacturing technologies to get a deeper insight into the process’s outcome. Non-destructive inspections 
are used among others for measuring the surface topography. Every safety critical part which goes into operation has 
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to be inspected by a non-destructive measurement method [7]. Therefore there is a need for the validation of non-
destructive measurement methods to carry out sufficient quality checks even of safety critical parts. The challenge of 
these checks is to receive information about the sub surface condition.  
Surface integrity can directly be related to the fatigue life of a machined part and is hence a principal factor in 
designing components which undergo dynamic loadings. Novovic et al. [15] concluded that up to 90% of high cycle 
fatigue life involves crack initiation. This paper deals with the comparison between two manufacturing technologies 
concerning fatigue life. Boundary condition for this analysis is the same surface roughness of both test specimen series 
which are produced by a conventional and an unconventional manufacturing process. These series will be analyzed in 
a following step concerning their surface integrity. 
3. Experimental work 
3.1. Workpiece material 
Titanium alloy Ti6Al4V was chosen for the present work. This alloy combines an improved mechanical strength 
with an adequate ductility combined with a low density. Furthermore it features a good corrosion resistance in a big 
temperature range. All these properties underline the fact that Ti6Al4V is employed in over 50% of the applications, in 
which Titanium alloys are applied [16]. Concerning the conventional manufacturing processes Ti6Al4V is classified 
as a hard to machine material. Klocke et al. [17] investigated, that the heat flow rate proportion going into the cutting 
chip and tool is for Ti6Al4V significantly higher than for standard tempering steel like C45. This can be related to the 
specific thermal properties of both materials. In detail the thermal conductivity of C45 is 7.5 times higher than the one 
of Ti6Al4V [18]. This fact explains the higher proportion of heat conduction into the tool while cutting Ti6Al4V. 
Most of the heat generated during cutting has to be conducted through the tool which induced an increasing of the tool 
wear (Figure 1 left). This leads to a decreasing process quality, which can be related to a higher mechanical and 
thermal impact onto the material. The result is a decrease of the surface integrity [19]. 
 Concerning Wire EDM of Ti6Al4V other challenges occur. On the right side of Figure 1 a cross section polish of a 
rim zone, produced by a Wire EDM rough cut is pictured. On the right side of Figure 1 the following anomalies can be 
found: surface cracks, recast layer, redissolution of phases and white layer. Furthermore wire material is redeposited 
on the top of the surface. Several authors have reportedly achieved a reduction of these types of failures. Exemplary 
Antar et al. [11] showed in 2010, using the latest generator technology and several finishing cuts, that a thickness of 
the thermal influenced surface layer near to zero is possible to manufacture.  
 
 
 
 
 
 
 
Fig. 1: Heat flow in chip and tool during cutting of TiAl6V4 and C45E [17] (left); cross section polish of eroded surface (right) 
3.2. Geometry and manufacturing of fatigue samples 
To address the conclusion of Novovic et al. [15] - surface integrity affects the fatigue life - two fatigue test series 
including 26 samples have been manufactured. Furthermore for a comparison between conventionally manufactured 
and unconventionally manufactured surfaces the two manufacturing technologies grinding and Wire EDM were 
chosen. The ground series was produced to get good surfaces and for the eroded surfaces a standard process with 
finishing cuts was taken. Figure 2 pictures a model of the test sample. It has an overall dimension of 
55 mm x 10 mm x 3 mm and a minimum cross section of 3 x 5 mm². The side faces are polished and the edges are 
chamfered to assure that crack initiation have their origin in the area of the ground or EDMed surface. On the right 
side of figure 2 the machining direction of both processes is shown. 
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Fig. 2: Model of test sample with dimensions and surface descriptions (left); description of machining conditions (right) 
3.3. Inspection of specimen and results of fatigue life tests 
A visual inspection was carried out in the first place. On the left side of Figure 3 one sample of each series is 
pictured. It is obvious, that the ground surface is shinier than the eroded surface. The last one exhibits good 
identifiable black marks. These marks reveal to partial instabilities of the machining process. The second step to define 
the initial situation was a roughness measuring with a profilometer. In the middle of Figure 3 the roughness of the two 
series is presented. The ground series features lengthwise to the machining direction a lower roughness than the 
eroded ones. Noticeable is the high variation of the values of the ground series. Comparing the surface roughnesses 
and taking into account, that this is a characteristic attribute for surface integrity, it can be determined, that the eroded 
series should have decreased fatigue strength in average. The higher variance of the ground series may reflect in an 
increased variance of the fatigue life test compared to the eroded one.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Test samples and results of roughness measuring 
Additionally, based on the black marks and higher surface roughness of the eroded specimen it was estimated that 
the ground series owns a higher fatigue life than the eroded series. The fatigue life of the two series was determined 
with a fatigue testing machine (Rumul Cracktronic). On the left side of Figure 4 the clamping of the test sample is 
shown. One side of the specimen is clamped on the fixed machine part and the other side is clamped on a bending side 
so that the specimen achieves an oscillating bending moment. The fatigue limit was defined at a value of 10·106 
cycles. This value was defined following the standard DIN 50100 [20] where a guidline is defined for testing light 
metals. The tests have been carried out with the staircase testing sequence, because it is qualified to measure the 
fatigue limit by taking fewer specimens [21]. This method allows to analyze the transition region from the endurance 
limit to the fatigue strength. 
On the right side of Figure 4 the results of the fatigue life tests are pictured. Using the SAFD-Software [22] these 
results have been statistically calculated. For the mean fatigue limit (50%) the eroded specimen endure a higher stress 
than the ground series. For safety critical parts the fatigue limit of a failure limit of 10% is more important than the 
mean fatigue limit, because no malfunction of these parts is allowed. Furthermore the variance of the ground series is 
higher, which can be explained with the variance of the surface roughness measurement as mentioned above. In 
contrast to the mentioned estimation that the eroded specimen have a minor fatigue life than the ground ones, this 
result was not expected.  
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Fig. 4: Clamped test sample (left) and fatigue limit of both series (right) 
4. Analysis of fatigue test results concerning surface integrity 
Cross section views of the rim zone have been carried out to interpret the results according to the surface integrity 
of the specimen. Figure 5 shows the rim zone of the one ground and one eroded specimen. A big thermally influenced 
rim zone can be seen on the ground sample. The thickness of this zone can be high as 8 µm. Furthermore grain 
deformation, sharp cracks and craters have been detected. All these aspects affect the fatigue life significantly. The 
eroded specimens have a thermal influenced zone, too. In the view which was taken lengthwise to the machining 
direction, there are big thermally influenced zones. The occurring marks are shaped like shells. They reach up to 
20 µm into the bulk material. It can be suggested that at these positions due to unstable process conditions, more heat 
has been conducted into the sample. Between the shells there is a continuous layer with an average thickness of 5 µm. 
The sharp cracks in the ground specimen and the round profile of the thermal influenced zone of the eroded specimen 
may explain the fatigue test result. Stress peaks accumulate on the sharp edges of the cracks on the ground specimen, 
which leads to an early failure. On the round thermal influenced zones of the eroded specimen the stress peaks are 
lower thus these anomalies have a lower impact on the fatigue life limit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Cross section polishes of rim zones (left), SEM picture of crack path in an eroded specimen (right) 
On the right side of Figure 5 the surface of a cracked specimen is pictured. The black marks (process instabilities) 
and the crack due to fatigue damage can be seen. The crack path tracks along the black marks. Regions where the 
crack steps from one mark to the other are highlighted in the picture as crack steps. 
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5. Conclusion 
The main conclusion of the present work is that eroded surfaces are visually better to inspect than ground surfaces. 
The non-destructive inspections of the specimen allowed the estimation, that the ground specimens have an increased 
fatigue life. The opposite was the case. The fact that just the destructive inspection by SEM leads to a proper analysis 
of the fatigue tests underlines the conclusion. 
In addition to the main conclusion and regarding surface integrity analysis it can be highlighted, that process 
instabilities, which occur during Wire EDM of Ti6Al4V can directly be seen on the surface as black marks. The need 
of a complex destructive inspection is not necessary. Process instabilities which affect the failure criteria of a Wire-
EDMed part can easily be detected by visual inspection. This matter gives the operator the opportunity to tune his 
process for a better and safer process outcome. 
Furthermore, the present work shows that EDM is better than its reputation. A standard Wire EDM process with 
process instabilities has a better outcome concerning fatigue life than a standard grinding process which was adjusted 
for a good looking surface.  
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